I. INTRODUCTION
he silicon avalanche photo-detector with Geiger mode operation, known as SiPM or silicon photomultiplier, is composed of several micro-cells with an integrated quenching resistance and a common electrode. During the Geiger mode operation the diode is polarized with a bias above the breakdown voltage [1] . In this operation mode, a single electron produced by thermal effect or incident light, in the sensitive area, generates a current pulse with very high charge amplification (up to 10 6 ). The signal produced by a micro-cell carries count-rate information: when hit by a single photon the sensor produces a single pulse current. Therefore when an array of identical micro-cells is hit by incident light, the produced signal (summed across the whole matrix) has amplitude proportional to the flux of photons. The average leakage current, the internal gain and the dark rate are the main parameters dominating the performance of a SiPM sensor. The noise figures of a Geiger mode photo-detector can be identified by the dark rate defined as the number of avalanche current pulses produced by thermally generated electrons, mimicking the detection of a single photon. The dark count rate is the number of such false events per second and should ideally be minimised.
The following three parameters determine the dark count rate: the sensitive area of the SiPM, the bias voltage and the operating temperature [2] .
In this work we present a study of the variation of dark rate, leakage current and internal gain as a function of the temperature. SiPM, fabricated on a p-type epitaxial layer, consists of an array of 625 micro-cells covering an area of 1mm 2 . Each micro-cell (40x40μm 2 ) is composed by a shallow n+-p junction in series with a poly-silicon quenching resistance [2, 3] (Fig.1 ), measured to be approximately 300 k [4] . All micro-cells are connected in parallel through the aluminium layer on the photo-sensitive side and through the substrate on the other side.
The sample referenced throughout this paper comes from the second production batch produced by the FBK-irst in May 2006 and is identified by code T6V2PD. Its breakdown voltage and leakage current (reversed biased at 40 V) are measured respectively 34.5 V and 2 μA at room temperature. The sensor signal is amplified by a wide-bandwidth transimpedance amplifier (TIA) based on commercially available devices (National Semiconductor OPA656) to minimize the timing distortion.
The dark pulse from a single micro-cell of a SiPM is identical to a photon pulse. To study the device characteristics it is thus important to study the pulse rate and amplitude. The gain can be achieved integrating dark pulse over its pulse duration. 
III. EXPERIMENTAL RESULTS
The variation in the RMS leakage current versus reverse bias voltage, measured at various temperatures, is shown in Fig.2 . The breakdown voltage and detector gain can be derived from these curves. Figure 2 shows the relation between leakage current and bias voltage for six different temperatures. The curves are approximately linear up to the breakdown potential (V B ), beyond which leakage current increases quadratically. This is consistent with well known results in the literature [3] . For a pure avalanche breakdown process [5, 6] , the breakdown voltage is given by: . For our samples, the experimental value obtained for is 2·10
A. Breakdown voltage
-3 K -1 .
A qualitative explanation of this increase is that hot carriers passing through the depletion layer under a high electric field, greater than 10 6 Vcm, lose part of their energy to optical phonons via scattering, resulting in a smaller ionization rate n,p ; hence the carriers must pass through a greater potential difference (or a higher applied voltage) to have sufficient energy for the generation of an electron-hole pair and the consequent avalanche [7] . The plot in Fig.3 shows a growth of 70.2mV/K. 
B. Gain
Gain has been measured without any external light source [3] . It can be expressed as a function of the dark count and leakage current:
where q is the electron charge, DC is the dark count and I leak is the RMS leakage current. Fig.4 shows the gain as a function of the bias voltage measured for six different temperatures. The linear growth of the curve at room temperature matches results reported in previous work [2] . In particular, gain values in the range 1.5·10 6 -3.5·10 6 were measured for over-voltages ranging from 0.5 to 4V. It is important to note that the gain is not directly related to temperature. Its decrease with respect to temperature is a result of the increase in the breakdown voltage. This is shown in Fig.5 , where the gain as a function of the overvoltage has been calculated. The overvoltage is defined as
where V BIAS is the bias voltage and V BD (T) is the breakdown voltage measured at the operating temperature. Fig.4 Gain as a function of the bias for different operating temperatures. The gain is still linear and is independent from the temperature. 
C. Dark count rate
For a given temperature, the dark count rate increases linearly with respect to the bias voltage as shown in Figure 6 . This is due to the increase in electric field strength (in the multiplication area of the sensor) with the applied potential. The dark count rate was measured as a function of the temperature while the gain was kept constant. This was achieved by changing the applied bias voltage in accordance to the values plotted in Figure 4 . The measurements are close in agreement with other published results [8] , both plotted in Figure 7 . The highest gain and lowest dark count rate of the SiPM were recorded at the lowest temperature at which tests were performed (Figure 8 ). However, it is often not practical to operate in this low temperature range. The maximum operating temperature, at which the gain is maximum and the dark count minimum for different operating bias voltage, was found to be in the range of 290-295 K (Figure 8 ). At temperatures above 295 K the dark count becomes very large leading to a high value of the dark rate. Further research is needed to increase the maximum operating temperature of the detector while reducing the dark count rate. 
IV. CONCLUSIONS
The DASiPM Collaboration, supported by the INFN/FBK-irst MEMS project, is working on a research project aimed at the development of SiPM for medical and space physics applications [8] [9] [10] [11] . A thermal and electrical characterization of the sensor has been performed. The results reported in this paper are in good agreement with previously published works [2] [3] [4] 8] . Experiments on repeatability of temperature measurements and radiation hardness of SiPM for space and medical applications are underway.
